A research program at Brookhaven National Laboratory (BNL) which deals with the development and application of processes for the treatment of geothermal brines and sludges has led to the identi~cation and design of cost-efficient and en-
v i r o~e n t a l l y friendly treatment me tho do lo^. Initially the primary goal of the processing was to convert geothermal wastes into disposable materials whose chemical composition would satise environmental regulations. An expansion of the R&D effort identified a combination of biochemical and chemical processes which became the basis for the development of a technology for the treatment of geothermal brines and sludges. The new technology satisfies environmental regulatory requirements and ~o n c~e n t l y converts the geothermal brines and sludges into commercially promising products. Because the chemical composition of geothermal wastes depends on the type of the resource, the emerging technology has to be flexible so that it can be readily modified to suit the needs of a particular type of resource. Recent conceptional designs for the processing of hypersaline and low salinity brines and sludges will be discussed.
.
B a c k~r o u n~
World electric power generation in 1994 was 7772 billion kWhr of which 109.5 billion kWhr was from geothermal resources or 1.4% worldwide. In the USA alone, geothermal resources contributed 3. I %, therefore higher than worldwide average (Grillot, 1996) . Compared to coal and oil, geothermal energy is a clean source of electric power and its use worldwide is increasing (e.g., Freeston, 1996) . However, on cooling of the hot high saline brines, a sludge is produced which is considered a mixed waste and, therefore, subject to regulatory constrains.
Processing of low salinity liquids produces a chemically different residue, disposal of which is also regulated. The latter type of byproduct is associated with The Geyser type steam condensates and the former with the Salton Sea type brines.
Biochemical treatment of geothermal brines involves a ten variable process (Premuzic et al., 1996a; Premuzic et al., 1996b) . Optimization of these variables led to the design of a process in which two biocatalysts are used in 85% to 15% proportions. This concep~al design processes 1300 Kgh of geothermal sludge generated &om hypersaline resources. The end product in this process is a 1200 Kg/h cake from which toxic and valuable metals, originally present in the starting material, have been removed. (Royce; 1985) and can be disposed of as a non-regulated waste. The filtrate, which now contains toxic and valuable metals, is neutralized with lime and filtered. The neutralized cake can be hrther treated for the recovery of valuable metals such as gold which is present in ppm quantities (see also next section) and the filtrate can be re-injected into a well. In this process, the kinetics of metal solubilization are fast (<8 hours per batch) with solubilization efficiencies of better than 85% for all of the metals of interest (e.g., arsenic, zinc, gold, chromium, copper, etc.).
Because of the differences in the chemical nature of the geothermal resource and the residues generated in the production of power from low salinity geothermal liquids, the overall biochemical process had to be modified. Thus in The Geyserstype geothermal waste, one is dealing with a sulfur cake contaminated with iron, some silica, arsenic, and m e r c~. Initially, two treatment scenarios have been considered. In the The produced residue .meets regulatory requirements . first scenario, a slurry is treated with two biocatalysts. This treatment yields a residue of crude sulfur and an aqueous phase containing arsenic and mercury. The aqueous phase can be reinjected. In the second scenario, the sulfur is first extracted with a solvent, yielding a high grade sulfur product. The residue, after the removal of sulfur, is then treated as described in the first scenario. Because of regulatory restrains, the solvent . extraction scenario was -abandoned.
Follow-up R&D allowed the exploration of several alternatives. Extended research and further optimization of the processes for the treatment of residues produced in the generation of geothermal power from high and low salinity brines has made possible additional potential cost savings and simplifications in the design of the technology. The results of this research and development effort will be briefly discussed in the next section.
Recent Activities
Analysis and re-evaluation of the original process design (Premuzic et al., 1996a; Premuzic et al., 1996b) for the treatment of sludges produced from high salinity geothermal resources enabled fkrther simplification and improvements of the process. This effort led to recommendations for the modification of the three major steps in the process: (1) the use of one instead of two biocatalysts; (2) avoidance of the lime neutralization; and (3) processing of the silica filter cake.
Changes in these three steps, a combination of biochemical and chemical processing, and the use of available reagents added further improvements and potential cost savings. Thus, the use of a single biocatalyst proved to be possible. Further, re-processing of the silica filter cake into a high quality silica, which can be used as a filler, coupled with recycling and reinjection as well as metal recovery options resulted in the process summarized in Figure 1 .
The process shown in Figure 1 also indicates potential profits that may be generated from valuable metals and salt recovery options. The profits are projections based on current market values. Figure 2 shows a conceptual flow sheet for the processing of 500 Kg/h of a hypersaline sludge. This process assumes the use of a single biocatalyst, recyclable water, and aqueous chemical reagents. The economic significance of such a processing scenario based on laboratory pilot plant and modeling data is shown in Table 1 . The profitability of the process was estimated by using standard chemical engineering design procedures (Ulrich, 1984) . Field demonstration strategies for these processes are currently being explored.
Re-evaluation of the processing of sludges produced in the production of geothermal power from low salinity liquids has led to similar improvements. However, to accomplish this, cer- tain variations had to be taken into consideration. The chemistry of geothermal sludges changes on storage. Further, in the case of sludges generated at Geysers, the biochemical solubility of mercury is less then that of arsenic. Thus, the initial biochemical treatment solubilizes arsenic and mercury. However, while a better than 80% solubilization of arsenic renders a product well within the total threshold limit concentrations (Royce, 1985) for arsenic, it does not do so for mercury. Also, on standing the solubility of mercury appears to decrease, while that of arsenic does not (Gamques and Hayden, 1997) . Thc first evidence that changes in the chemical speciation of mercury may occur has been observed in experiments dealing with the solvent extraction of sulfur (Premuzic et al, 1996b) where a reduction ofabout 50% in solubility relative to arsenic has been ' observed under identical experimental conditions. In view of these results, an alternative processing strategy for The Geysers type sludges has been developed. In this process, a single biocatalyst is used and the sulfur cake is converted into high grade sulfur (Figure 3 ). This sulfur is produced by conventional sublimation technology which does not involve any solvent extraction steps. The light powdered residue produced in the sublimation step (B, Figure 3) consists predominantly of iron (>92%) and sinall amounts of arsenic, alumina, mercury, and magnesium. Residue B is a byproduct of a 90% volume reduction of the starting material. In the current process design (Figure 4) residue B is slurried and re-injected with the arsenic bearing aqueous phase generated in this process. Agricultural and other applications of the sublimed sulfur, produced in this process, are currently being explored.
Conclusions
1). Compared to mixed waste disposal and liability costs a combination of biochemical and chemical technology for the treatment of geothermal brines and sludges is cost-efficient and yields commercially viable by-products.
2). The emerging technology minimizes wastes and utilizes available recycling options.
3). Close collaboration and partnering between BNL and industry enables a full development and field applications of the emerging technology.
